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Decreased Interhemispheric Functional Connectivity in Autism
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The cortical underconnectivity theory asserts that reduced long-
range functional connectivity might contribute to a neural
mechanism for autism. We examined resting-state blood oxygen
level-dependent interhemispheric correlation in 53 males with high-
functioning autism and 39 typically developing males from late
childhood through early adulthood. By constructing spatial maps of
correlation between homologous voxels in each hemisphere, we
found significantly reduced interhemispheric correlation specific to
regions with functional relevance to autism: sensorimotor cortex,
anterior insula, fusiform gyrus, superior temporal gyrus, and
superior parietal lobule. Observed interhemispheric connectivity
differences were better explained by diagnosis of autism than by
potentially confounding neuropsychological metrics of language, 1Q,
or handedness. Although both corpus callosal volume and gray
matter interhemispheric connectivity were significantly reduced in
autism, no direct relationship was observed between them,
suggesting that structural and functional metrics measure different
aspects of interhemispheric connectivity. In the control but not the
autism sample, there was decreasing interhemispheric correlation
with subject age. Greater differences in interhemispheric correla-
tion were seen for more lateral regions in the brain. These findings
suggest that long-range connectivity abnormalities in autism are
spatially heterogeneous and that transcallosal connectivity is
decreased most in regions with functions associated with
behavioral abnormalities in autism. Autism subjects continue to
show developmental differences in interhemispheric connectivity
into early adulthood.
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Introduction

Abnormalities in long-range, functional connectivity in autism
have been demonstrated in multiple prior imaging studies
(Castelli et al. 2002; Just et al. 2004, 2007; Koshino et al. 2005,
2008; Cherkassky et al. 2006; Kana et al. 2006; Kennedy et al.
2006; Kennedy and Courchesne 2008; Kleinhans et al. 2008). In
paradigms involving working memory (Koshino et al. 2005,
2008; Mostofsky et al. 2009), executive function (Just et al.
2007), face processing (Kleinhans et al. 2008), motor function
(Mostofsky et al. 2009), and language (Just et al. 2004; Kana
et al. 20006), ASD individuals exhibited significantly decreased
correlation between task-related regions of interest (ROIS).
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Subsequently, resting state paradigms have shown atypical
network properties of the default mode network (Kennedy
et al. 2006; Kennedy and Courchesne 2008; Monk et al. 2009;
Weng et al. 2009) and decreased functional connectivity of
anterior/posterior projectional pathways (Cherkassky et al.
2006; Koshino et al. 2008). These observations and their
relationship to observed differences in cytoarchitecture of the
cortex are summarized in a theory of connectivity in
autism characterized by local over connectivity but long-
distance underconnectivity (Just et al. 2004; Courchesne and
Pierce 2005; Geschwind and Levitt 2007; Casanova and Trippe
2009).

Structural imaging has also demonstrated abnormalities in
long-range white matter pathways. Corpus callosal volume has
been considered one index of interhemispheric connectivity
(Manes et al. 1999; Hardan et al. 2000; Vidal et al. 2006; Keary
et al. 2009). Decreased size of the corpus callosum is one of the
most replicated structural findings in autism (Lainhart et al.
2005; Alexander et al. 2007; Stanfield et al. 2008; Keary et al.
2009). Diffusion tensor analysis of the corpus callosum
demonstrated significant microstructural differences between
autism and control groups in fractional anisotropy, mean
diffusivity, and radial diffusivity (Alexander et al. 2007).
Moreover, functional connectivity abnormalities have shown
correlation with size of the genu, anterior portion, and total
size of the corpus callosum in a theory of mind task (Mason
et al. 2008) and with the genu in an executive function task in
individuals with autism (Just et al. 2007).

Underconnectivity that is most specific to callosal
(Alexander et al. 2007; Mason et al. 2008) projection pathways
would be ideally measured by direct correlation between
regions in the brain in corresponding positions in the opposite
hemisphere, where transcallosal connectivity is greatest. Such
a measurement might provide an excellent paradigm for
evaluating long-range connectivity in the brain because in-
terhemispheric connections have been shown to be among the
strongest relationships observed with functional connectivity
(Stark et al. 2008). Previous investigations of functional
connectivity in autism have applied either ROI-based analyses
(Just et al. 2004, 2007; Koshino et al. 2005, 2008; Kana et al.
20006; Kleinhans et al. 2008), task-based deactivation paradigms
(Kennedy et al. 20006), or focused on a defined network, such as
the default mode network (Di Martino et al. 2009; Monk et al.
2009; Weng et al. 2009).



To evaluate functional connectivity abnormalities in the
corpus callosum, we examined high-functioning autism and
typically developing control participants using resting-state
Sunctional magnetic resonance imaging (fMRI) (Biswal et al.
1995; Fox and Raichle 2007). We compared interhemispheric
correlations between the autism and control samples to
evaluate the spatial heterogeneity of interhemispheric connec-
tivity abnormalities in autism. Based on structural, microstruc-
tural, and functional connectivity study findings to date,
we hypothesized decreased interhemispheric correlations
between homotopic cortical areas in the right and left
hemispheres in autism.

Materials and Methods

Participant Selection

Fifty-three high-functioning adolescent and young adult males with
autism spectrum disorders (all had autism except 1 Asperger syndrome
and 3 PDD-NOS) were compared with 39 male typically developing
control volunteers, group matched by age. Verbal 1Q (vIQ), perfor-
mance 1Q (pIQ), handedness, autism diagnostic surveys, social re-
sponsiveness, and language function testing were obtained for most
participants (Table 1). Two control subjects were ambidextrous, one
control subject was left-handed, and 4 autism subjects were left-
handed, and all of the remaining subjects were right-handed.
Handedness did not differ significantly between the groups. The
participants had no history of hearing problems; all had English as their
first language.

As expected, language and motor function were impaired in the
autism participants as a group. vIQ and plQ scores showed small, but
significant, decreases in the autism group. Language was significantly
impaired in the autism group relative to the control group.

All experiments were undertaken with the understanding and
written consent of each subject, with the approval of the University
of Utah Institutional Review Board and in compliance with national
legislation and the Code of Ethical Principles for Medical Research
Involving Human Subjects of the World Medical Association.

Diagnosis and Exclusion Criteria

Diagnosis of autism was established in the majority of subjects by the
Autism Diagnostic Interview-Revised (ADI-R) (Lord et al. 1994), Autism
Diagnostic Observation Schedule-Generic (ADOS-G) (Lord et al. 2000),
Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition
(DSM-1V) (American Psychiatric Association 1994), and International
Statistical Classification of Diseases and Related Health Problems, 10th
Revision (ICD-10) criteria. The diagnosis was established by an autism
expert (J.E.L.) using the ADI-R and DSM-IV/ICD-10 criteria in 2 subjects
and DSM-IV/ICD-10 criteria in 3 subjects. Individuals with medical
causes of autism, identified by history, Fragile-X gene testing, karyotype,
and examination, were excluded.

Control participants underwent tests of IQ, language, and neuro-
psychological function and were assessed with a standardized psychi-
atric interview (Leyfer et al. 2006). Most controls also were assessed
with the ADOS-G (Lord et al. 2000) to confirm typical development.
Controls with any history of developmental, learning, cognitive,
neurological, or neuropsychiatric conditions were excluded.

Assessments

Handedness

The Edinburgh Handedness Inventory (Oldfield 1971), a standardized
assessment of hand preference, was obtained for each subject. This
inventory consists of a numerical score between -100 and 100, where
-100 represents strong left-handedness and 100 represents strong
right-handedness.

0
vIQ and pIQ were measured with the Wechsler Adult Intelligence
Scale, WAIS III (Wechsler 1997) or Wechsler Abbreviated Scale of
Intelligence, WASI (Wechsler 1999). The Differential Abilities Scale was
used to test several children (Elliott 1990).

Language

Clinical Evaluation of Language Fundamentals—Third Edition (CELF-3)
(Semel et al. 1995) was used to assess language skills. It is
a comprehensive and nationally normalized clinical assessment tool
that provides a quantitative measure of language level. The CELF-3
includes subtests that measure grammar, syntax, semantics, and
working memory for language and provides an overall assessment of
higher order receptive and expressive language and total language
level.

Social Function

The Social Responsiveness Scale (SRS) is a normed, quantitative, 65-
item rating scale that measures social impairments characteristic of
autism spectrum disorders.

JMRI Acquisition

Images were acquired on Siemens 3 T Trio scanner. The scanning
protocol consisted of initial 1-mm isotropic magnetization prepared
rapid gradient echo (MP-RAGE) acquisition for an anatomic template.
Blood oxygen level-dependent (BOLD) echoplanar images (time
repetition = 2.0 s, time echo = 28 ms, Generalized Autocalibrating
Partially Parallel Acquisition (GRAPPA) with acceleration factor = 2, 40
slices at 3-mm slice thickness, 64 x 64 matrix) were obtained during
the resting state, where subjects were instructed to “Keep your eyes
open and relax. Remain awake and try to let thoughts pass through
your mind without focusing on any particular mental activity.”
Prospective motion correction was performed during BOLD imaging
with PACE sequence (Siemens). An 8-min scan (240 volumes) was
obtained for each subject.

Table 1
Characterization of control (» = 39) and autism (n = 53) populations

Age EHI viQ plQ ADOS-S ADOS-C SRS CELF-3
Autism subjects 53 53 53 53 48 48 47 51
Autism mean 224 65.1 101.3 101.3 8.9 47 89.4 88.0
Autism SD 7.2 46.9 211 16.5 25 1.4 32.7 222
Autism range 12-42 —93 to 100 55-139 67-134 1-14 1-7 6-147 50-121
Control subjects 39 35 34 34 29 29 31 32
Control mean 211 72.5 116.0 114.2 0.65 0.51 14.8 111.4
Control SD 6.5 33.8 14.8 13.9 0.89 0.68 11.5 11.42
Control range 8-34 —60 to 100 87-143 90-155 0-3 0-2 1-51 88-134
P value (2-tailed t-test) 036 0.42 0.0006 0.0002 9.4 x 1072 23 x 1072 15 x 107" 4.3 x 1077

Note: Summary statistics are provided for age, Edinburgh Handedness Inventory (EHI), viQ (from either WASI or WAIS [ll), plQ (from either WASI or WAIS Ill), Autism Diagnostic Observation Schedule-

Social (ADOS-S) and Communication (ADOS-C) subtests, SRS, and CELF-3 (total score).
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JMRI Postprocessing and Statistical Analysis

Offline postprocessing was performed in Matlab (Mathworks) using
SPM8 (Wellcome Trust) software. Initial slice timing correction was
performed to adjust for interleaved slice acquisition. Field map
sequence was acquired for each subject for distortion correction, and
all images were motion corrected using realign and unwarp procedure.
BOLD images were coregistered to MP-RAGE anatomic image sequence
for each subject. All images were normalized to Montreal Neurological
Institute (MNI) template brain (T1.nii in SPM8).

Because BOLD images contain information not only from neural
activity but also from physiological and artifactual sources such as
respirations, heart rate, and scanner drift, more accurate connectivity
measurements can be obtained by using a technique for removing
global signal sources not associated with neural activity (Fox et al.
2009). Because physiological waveforms of heart rate and respiration
were not available for all subjects during the scans, we used a regression
algorithm using time series from voxels in the soft tissues, cerebrospi-
nal fluid (CSF) and white matter to correct for artifactual correlations in
the BOLD data (Fox et al. 2009). No global signal regression was
performed to avoid introducing artifactual anticorrelations in the data
(Murphy et al. 2009; Anderson, Druzgal, et al. 2010).

Scalp and facial soft tissues, CSF, and white matter regression were
performed after automated gray matter, white matter, and CSF
segmentation of each subject’s MPRAGE image using SPMS8. These
segmented images were manually inspected to confirm appropriate
identification of tissue components. The CSF time series for each
subject was measured from the lateral ventricles. This was obtained
from selecting voxels from the CSF segmented image for each subject
within the bounding box defined by MNI coordinates: -35 < x < 35,-60
< <30,0 <z < 30. White matter time series for each subject were
obtained from the mean time series of voxels within 2 ROIs in
the bilateral centrum semiovale (MNI coordinates: left: x = -27, y = -7,
z = 30; right: x= 27, y=-7, z= 30, each ROI had 10-mm radius). Before
extracting the white matter time series, an exclusive mask was
performed with the gray matter segmented image from each subject
to eliminate voxels containing gray matter. A soft tissue mask of the
facial and scalp soft tissues was used as previously described (Anderson,
Druzgal, et al. 2010). The mean soft tissue, CSF, and white matter time
series were then used as regressors in a general linear model (glmfit.m
in Matlab Statistics Toolbox) for the BOLD time series at each voxel in
the brain, and the best fit was subtracted from the voxel's time
series data, producing the signal-corrected time series images. Each
voxel’s time series was band-pass filtered with a frequency window of
0.001-0.1 Hz (Cordes et al. 2001) and linearly detrended to correct for
scanner drift. These images were used for subsequent analysis.

Interbemispheric Correlation

For each subject, the time series at each voxel in the image was
computed and a corresponding voxel in the opposite hemisphere was
obtained by inverting the MNI space x coordinate. A cross-correlation
curve was computed between each pair of time series, and the zero lag
correlation (equivalent to Pearson correlation coefficient) was used to
construct an image of interhemispheric correlation (Fig. 1). This image
was converted using Fisher Ztransformation by computing the
hyperbolic arctangent of the value of each voxel to obtain an image
of Z-scores for correlation (Kennedy and Courchesne 2008; Fox et al.
2009; Murphy et al. 2009). Because there are small variations in gray
matter anatomy between the left and right hemispheres, these
interhemispheric Z-score images were spatially smoothed to mitigate
noise in the images using SPM8 (full-width at half-maximum of 8 x 8 x
8 mm).

Histograms of interhemispheric correlation distribution were com-
puted for gray matter voxels by using a binary mask obtained from
SPM8 gray.nii image. The same gray matter mask was used for all
subjects in this step so the same number of voxels was used for each
subject’s normalized data. Histograms and 95% confidence intervals
were computed on z-transformed values.

Interhemispheric correlation images after Fisher’s z-transform (Lowe
ct al. 1998) were used for a second-level analysis comparing autism and
control groups using SPMS8, in which a 2-tailed #test design was used to
calculate significance of the interhemispheric correlation differences
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Figure 1. Calculating interhemispheric correlation. For each voxel in the image,
a corresponding voxel in the opposite hemisphere was obtained by inverting the MNI
x coordinate. Time series for each pair of voxels was obtained, and the value of the
cross-correlogram at zero lag (Pearson correlation coefficient) was used to construct
an image of interhemispheric correlation. This image was Fisher transformed by
evaluating hyperbolic arctangent and then spatially smoothed.

between autism and control samples. The second-level analysis was
repeated using neuropsychiatric and demographic covariates of age,
vIQ, pIQ, language (CELF-3 total score), SRS, ADOS-G algorithm score
(sum of social and communication scores), and handedness as
covariates. Analysis was performed with each metric individually in
the general linear model, as well as with all metrics combined into
a single general linear model.

Calculation of Corpus Callosal Volume

Cortical reconstruction and volumetric segmentation were performed
with the FreeSurfer image analysis version 4.0.4 (Athinoula A. Martinos
Center for Biomedical Imaging, 2005). Details of the procedures are
described in prior publications (Dale and Sereno 1993; Dale et al. 1999;
Fischl, Sereno, and Dale 1999; Fischl and Dale 2000; Fischl et al. 2001,
2002; Han et al. 2000; Jovicich et al. 2006). Briefly, nonbrain tissue was
removed using a hybrid watershed/surface deformation procedure
(Segonne et al. 2004), automated Talairach transformation, segmenta-
tion of the subcortical white matter (WM) and deep gray matter (GM)
volumetric structures (Fischl et al. 2002, 2004), intensity normalization
(Sled et al. 1998) tessellation of the GM-WM boundary, automated
topology correction (Fischl et al. 2001; Segonne et al. 2007), and
surface deformation following intensity gradients to optimally place the
GM/WM and GM/CSF borders at the location where the greatest shift
in intensity defines the transition to the other tissue class (Dale and
Sereno 1993; Dale et al. 1999; Fischl and Dale 2000). The resulting
cortical models were registered to a spherical atlas, utilizing individual
cortical folding patterns to match cortical geometry across subjects
(Fischl, Sereno, Tootell, et al. 1999). The cerebral cortex was
parcellated into regions based on gyral and sulcal structure (Desikan
et al. 20006). Results for each subject were visually inspected to ensure
accuracy of registration, skull stripping, segmentation, and cortical
surface reconstruction. Corpus callosal volumes of posterior, mid
posterior, mid, mid anterior, and anterior corpus callosum were added
to produce a total corpus callosal volume for each subject used in
subsequent analyses.

Results

The procedure used in constructing maps of interhemispheric
correlation is illustrated in Figure 1, where the value at each



Figure 2. Interhemispheric correlation averaged over 39 control subjects. Scale bar shows Fisher-transformed correlation (Z-score).

voxel represents the correlation coefficient between the time
series at that voxel and the corresponding voxel in the
opposite hemisphere. Such interhemispheric correlation maps
showed reproducible patterns of interhemispheric correlation
at the single subject level. These patterns are shown in Figure 2,
in which Ztransformed maps of interhemispheric correlation
were averaged from 39 control subjects, overlaid on a canonical
MNI-normalized MP-RAGE image.

Interbemispberic Correlation in Typical Development

We first characterized the spatial distribution of voxelwise
interhemispheric correlation in the control population. The
group map of interhemispheric correlation in control subjects
shows spatial heterogeneity, consistent with the ROI technique

for interhemispheric correlation observed in a prior study
(Stark et al. 2008) and similar to results obtained using a related
voxelwise technique to study age-related changes in inter-
hemispheric correlation (Zuo et al. 2010). First, interhemi-
spheric correlations appear higher among gray matter voxels
than white matter voxels, as would be expected if interhemi-
spheric correlation is a measure of synchronized underlying
neural activity in areas of relatively higher anatomic connec-
tivity. It is also possible that this reflects our postprocessing
strategy of CSF and white matter regression because mean
brain signal or gray matter signal was not regressed, but this is
considered unlikely because a similar pattern was seen in
interhemispheric correlation results from data before they
were subjected to the regression postprocessing technique.
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Interhemispheric correlation appears higher for voxels
closer to the midline. Relatively higher values of correlation
are seen in the frontal pole, occipital cortex and medial parietal
lobe, deep gray nuclei, and cerebellum, all of which are
relatively close to the midline. The trend toward higher
connectivity near the midline does not apply uniformly,
however. Areas of lateral sensorimotor cortex, visual cortex,
primary auditory cortex, and the anterior insula show, for
example, greater correlation than surrounding brain structures
of similar distance to the midline. Higher connectivity in
sensorimotor areas might be expected given known strong
thalamocortical contributions in these areas, with shared
inputs from sensory and motor signals that exhibit left/right
symmetry. Common inputs from the thalamus might be
expected to produce greater synchronization in activity. Given
these patterns, interhemispheric correlation appears consistent
with known underlying anatomical connectivity. Similar spatial
heterogeneity was observed in the group map of interhemi-
spheric correlations in the autism group.

Figure 3. Control > autism interhemispheric correlation. Regions of greater
interhemispheric correlation for 39 controls than in 53 autism subjects. All clusters
were significant at ¢ < 0.001, false discovery rate. No voxels showed significantly
greater interhemispheric correlation for autism than control subjects.

Table 2
Peak MNI coordinates of control > autism interhemispheric correlation

Region X y z T score  Number Cluster-level g
of voxels  score (FDR)

Anterior insula 33 14 1 51 574 0.00001
Lateral sensorimotor cortex 51 =13 19 42

Lateral sensorimotor cortex 60 —-10 13 41

Lateral parietooccipital junction 30  —88 19 46 305 0.0008
Posterior superior parietal 30 -82 49 44

Intraparietal sulcus 39 76 49 44

Note: Significant results fell in an anterior (insula, lateral sensorimotor) and a posterior (superior
parietal lobule) cluster.
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Differences in Interbemispheric Correlation in Autism
Interhemispheric correlation shows a trend toward lower
values in autism throughout the brain, but some areas are
affected more than others. Figure 3 shows regions where
control subjects showed significantly higher interhemispheric
correlation than autistic subjects, with all clusters significant at
an acceptable false discovery rate g < 0.001. Peak coordinates
for significant clusters are listed in Table 2. No voxels showed
significantly higher correlation for autistic subjects than
control subjects. Regions showing higher interhemispheric
correlation for control subjects include sensorimotor cortex,
frontal insula, and superior parietal lobule extending from the
parietooccipital junction to the intraparietal sulcus.

Differences in interhemispheric correlation in autism do not
merely occur in areas of highest interhemispheric correlation
in the control population. Rather, many areas with high
correlation, such as visual cortex, medial frontal lobes, and
striatum, do not show significant differences between autism
and control samples. Moreover, the effect is also not well
described by changes only to voxels of intermediate connec-
tivity, as might be seen if the effect were due to a greater
dynamic range among subjects in voxels with intermediate
correlation. Many areas in this range do not show group
differences, such as dorsolateral prefrontal cortex and caudate
nuclei, among others. Differences in interhemispheric connec-
tivity also show poor match to spatial distribution of
physiological confounds, such as cerebral blood volume and
respiratory variation (Birn et al. 2006, 2008).

Covariates and Interbemisphberic Correlation

To account for factors other than diagnosis that might underlie
these regional differences in interhemispheric correlation, we
included in a general linear model covariates of age, vIQ, pIQ,
language total score (CELF-3), SRS, ADOS-G algorithm score,
and handedness. Regions showing control greater than autism

Figure 4. Increased interhemispheric correlation associated with younger age. All
clusters were significant at ¢ < 0.001, false discovery rate. No voxels showed
significantly higher interhemispheric correlation with older age or higher or lower vIQ,
plQ, Edinburgh Handedness Inventory, ADOS, SRS, or CELF-3 scores.



interhemispheric correlation remained significant when these
factors were included as regressors in the model. Each
covariate was analyzed separately with diagnosis as well as in
a combined general linear model with all of the covariates. In
cach case, the only covariate that showed significant associa-
tions with interhemispheric correlation was age, shown in
Figure 4. Younger subjects showed higher interhemispheric
correlation near the midline, particularly in the supplementary
motor area, precuneus, and occipital lobe.

Mean Interbemispheric Correlation and Age

We obtained an estimate of mean interhemispheric correlation
by averaging overall gray matter voxels within the interhemi-
spheric correlation images for each subject. Mean gray matter
interhemispheric correlation was reduced in the autism sample
relative to the control sample (control 0.253 + 0.071 standard
deviation [SD], autism 0.232 * 0.071 SD) To evaluate the
significance of this difference, we included age as a covariate
because a significant relationship was seen in the voxelwise
analysis of Figure 4. Using a general linear model with diagnosis
and age as regressors and including an interaction term, we
confirmed the hypothesis that control subjects showed
significantly higher interhemispheric correlation than autism
subjects (P = 0.023, one-tailed #statistics), with a significant
interaction between age and diagnosis (P = 0.043). This is
illustrated in Figure 5, showing greater decreases in mean
interhemispheric correlation with age among control subjects
than among autism subjects.

The changes seen in interhemispheric correlation appear
most significant among the younger subjects. We divided our
autism and control samples into subjects younger than or equal
to age 20 and subjects older than 20. In the younger control
group, the correlation with age was significant (= -048, P =
0.019, one-tailed #test). In the older group, the correlation was
not significant (r = -0.09, P = 0.36). In the autism sample,
neither the younger group (7 = 0.03, P = 0.43) nor the older
group (7 = -0.22, P = 0.15) showed a significant correlation
between mean interhemispheric correlation and age. In the
combined autism and control sample, no voxels showed
a significant relationship with one-tailed #tests between mean
interhemispheric correlation and neuropsychological metrics
of vIQ (r=-0.09, P=0.19), pIQ (= 0.05, P=0.31), handedness
(r=-0.11, P = 0.16), Autism Diagnostic Observation Schedule-
Social (r = -0.03, P = 0.40), Autism Diagnostic Observation
Schedule-Communication (7 = -0.09, P = 0.23), or language
function testing (7 = -0.01, P = 0.45) in our data. SRS scores
showed a strong trend toward decreased social impairment
with higher mean interhemispheric correlation (r = -0.18,
P =0.058).

Corpus Callosum Volume and Interbemisphberic
Correlation

Corpus callosum mean volume was significantly reduced in the
autism sample relative to the control sample (control 3523 *
450 SD, autism 3271 * 600, one-tailed #test, P=0.015). In order
to evaluate the relationship of functional interhemispheric
correlation with callosal volume, we compared the mean gray
matter interhemispheric correlation values for each subject
with total corpus callosal volume and found no significant
correlation (7=-0.009, P = 0.93). No significant correlation was
seen in either the autism or control sample between gray

Control Subjects
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Figure 5. Relationship of mean gray matter interhemispheric correlation with subject
age. (A) Each point represents mean gray matter interhemispheric correlation for 1 of
39 control subjects (above), with best straight line fit through the data. (B) The same
is shown below for 53 autism subjects. (C) Distributions of interhemispheric
correlation across gray matter voxels. Distributions were computed for each subject
and shaded averages above show pointwise 95% confidence intervals for
distributions from autism and control populations, computed on Fisher-transformed
correlation.
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matter functional interhemispheric correlation and corpus
callosal volume when samples were analyzed separately. These
data are shown in Figure 0.

Interbemispheric Correlation and Distance from Midline
Voxelwise data showed significant differences in interhemi-
spheric correlation in autism were lateral to the midline. To
evaluate whether interhemispheric correlation in autism is
related to a voxel's position on the medial-lateral axis, we
computed the difference in mean interhemispheric correlation
for each voxel between the control and autism samples and
averaged this value for all gray matter voxels in each sagittal
slice, shown in Figure 7. There is increasing interhemispheric
correlation for control subjects relative to autism subjects with
distance from the midline with a peak at 60 mm. Greater than
one SD of gray matter voxels at this distance show greater
interhemispheric correlation for control subjects, while essen-
tially no difference in interhemispheric correlation is seen at
the midline.
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Figure 6. Interhemispheric correlation does not vary with corpus callosal volume.
Mean interhemispheric correlation of gray matter voxels is compared with corpus
callosal volume from the MP-RAGE scan for each subject.
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Figure 7. Differences in interhemispheric correlation increase with distance from the
midline. The difference of mean interhemispheric correlation from gray matter voxels
between control and autism subjects is shown for each sagittal slice. Error bars
represent SD across voxels in the slice for difference in mean correlation between
control and autism samples.
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Alternate Method: Regional Parcellation

Another method for calculating interhemispheric correlation
was used in addition to the voxelwise technique described
above. The supratentorial brain was parcellated into 90 regions
using the AAL brain atlas (Tzourio-Mazoyer et al. 2002; Maldjian
et al. 2003). These consist of 45 left/right homologous regions.
For each region, the mean BOLD time course was extracted for
each subject, and correlation was compared with the homol-
ogous region in the opposite hemisphere, similar to a method
previously used to measure interhemispheric correlation (Stark
et al. 2008). While this method has lower spatial resolution, it
might also be less sensitive to noise present in the voxelwise
method.
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Figure 8. Effect of distance between regions on interhemispheric correlation. (4) The
supratentorial brain was parcellated into 45 pairs of left/right homologous regions.
Each point shows the mean interhemispheric correlation between left and right
homologues for one region. Error bars show standard error of the mean across autism
subjects. Dark bars were statistically significant after Bonferroni correction. (B) The
same regions as above were used to plot the difference between control and autism
mean interhemispheric correlation for each region against the Euclidean distance
between the centroids of the left and right homologues for the region.



Mean control and autism population values for each region
are shown in Figure 8. Forty of the 45 regions showed greater
interhemispheric correlation for controls. This was statistically
significant across subjects after multiple comparison correction
in 7 regions: rolandic operculum, insula, superior and mid
occipital, fusiform, postcentral, and superior temporal. These
are largely the same regions seen in the voxelwise analysis of
Figure 3. Strong trends in the fusiform gyrus and superior
temporal gyrus were also seen in the voxelwise data. When the
distance from midline was measured from the centroid of each
region, there was again a significant trend toward greater
interhemispheric correlation in controls with distance from
the midline (= 0.35, P = 0.009).

Discussion

We report regionally specific decreases in interhemispheric
correlation in autism subjects compared with typically de-
veloping controls. The resting-state fMRI interhemispheric
correlational differences in autism were localized to sensori-
motor cortex, superior parietal lobule, frontal insula, superior
temporal gyrus, fusiform gyrus, and perisylvian posterior
inferolateral premotor cortex. Interhemispheric correlation
differences were more associated with the diagnosis of autism
than with quantitative measures of IQ, language function, and
handedness. Significant age-related decrease in mean inter-
hemispheric correlation observed in controls was absent in the
group with autism.

Resting-State fMRI Interbemispheric Correlations
Correlation of the fMRI BOLD time series of gray matter is
believed to be an indirect index of synchrony in spontaneous
neural activity and likely related to the intrinsic functional
architecture of the brain (Biswal et al. 1995, 2010; Fox and
Raichle 2007; Buckner et al. 2009). In response to stimuli,
animals have coherent fluctuations in electrical activity in
cortical neurons that are connected interhemispherically, and
fluctuations in electrical activity and BOLD hemodynamic
responses are statistically associated (Innocenti 2009). Similar
to interhemispheric electroencephalography coherence, the
degree of correlation in the BOLD time series between 2
regions at rest is used as an estimate of the strength of their
baseline, nontask-related functional connectivity. It is impor-
tant to note, however, that a variety of factors other than
spontaneous neural activity can affect the observed correla-
tions (Jones et al. 2010). The importance of understanding
interregional correlations in spontaneous neural activity has
been recently emphasized. Observed correlations in fMRI time
series between brain regions during performance of a task and
autism-control differences in the correlations are likely driven
by fluctuations in neuronal activity that are unrelated to the
task (Jones et al. 2010).

Regionally Specific Decreased Interbemispheric
Correlations in Autism

We found an overall decrease in the correlation of the time
series in homologous voxels in the 2 hemispheres in the autism
sample, with greatest effect seen in areas of the brain relevant
to clinical abnormalities observed in autism. The largest
difference in correlation observed was in the anterior (frontal)
insula. The frontal insulae are core components of social
processing networks and constitute a hub mediating integra-

tion of external and internal stimuli with consistent hypo-
activity in autism studies (Uddin and Menon 2009).
Frontoinsula is also a core region of the recently described
salience network involved in identification of novel or relevant
stimuli across sensory modalities (Seeley et al. 2007). The left
frontoinsular region was specifically hypoactive in autism
subjects in a study of novelty detection using an auditory
oddball paradigm (Gomot et al. 20006).

Superior temporal gyrus has been implicated as a site of
abnormal auditory processing in autism, as well as a locus
associated with social intelligence. An fMRI study of social
intelligence reported activation of superior temporal gyrus
during processing of social judgments (Baron-Cohen et al
1999). Volumetric studies have shown atypical structure-
function relationships suggesting abnormal lateralization of
superior temporal gyrus in autism (Bigler et al. 2007).
Abnormalities of white matter microstructure in the superior
temporal gyrus, detected by diffusion tensor imaging of autism,
include significantly decreased fractional anisotropy and in-
creased mean and radial diffusivity (Lee et al. 2007). Auditory
processing of rapid (Oram Cardy et al. 2005) and steady-state
(Wilson et al. 2007) stimuli, known to involve the superior
temporal gyrus, was found to be abnormal in autism subjects
using magnetoencephalography analysis. A recent fMRI study of
language processing showed hypoactivity in autism at the
junction of the superior temporal gyrus and left posterior
insula (Anderson, Lange, et al. 2010), a locus included in the
abnormal superior temporal gyrus interhemispheric correlation
cluster.

Other areas of reduced interhemispheric connectivity in
autism included primary sensorimotor and lateral inferior
premotor cortex. This finding might be related to well-known
gross and fine motor skill impairments associated with autism
(Vilensky et al. 1981; Frith 1991; Jansiewicz et al. 20006,
Mostofsky et al. 2009). Alteration in the volume of white matter
deep to primary motor cortex correlates with greater
impairment in basic motor skills in children with autism
(Mostofsky et al. 2007). Impairments in basic motor control are
among the earliest deficits observed in some infants who
develop autism (Brian et al. 2008; Zwaigenbaum et al. 2009).
Lower correlations involving the superior parietal lobule in
autism were observed in a study of the functional connectivity
of residuals after the effects of task response were removed
(Jones et al. 2010).

Abnormalities in function in the fusiform gyrus are also
reported in the literature in the context of social function
and face processing in autism (Pierce and Redcay 2008;
Corbett et al. 2009). Functional connectivity of the fusiform
gyrus to frontal regions has been reported to be lower in
autism during facial processing tasks (Kleinhans et al. 2008;
Koshino et al. 2008). A postmortem study in 7 autism patients
and 10 controls showed decreased numbers of neurons
specifically in the fusiform gyrus in autism (van Kooten et al.
2008).

If autism is manifest by an overabundance of short-range
connections and impaired long-range connections (Casanova
and Trippe 2009), this can also be seen as a failure of the
segregation and integration process. Segregation is thought to
involve pruning of local connections, whereas integration
involves strengthening of long-range connections within
distributed functional networks (Fair et al. 2007, 2009). The
regions where our data show greater interhemispheric
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connectivity are precisely those that are longer-range, more
lateral (lateral sensorimotor and premotor but not medial), and
in areas of association cortex, such as superior parietal lobule,
frontal insula, and posterior lateral frontal lobe, which are more
likely to be strengthened during integration. This hypothesis
would also explain functional connectivity results obtained
during a Go/No Go task where connectivity from inferior
frontal gyrus to supplementary motor area showed greater
differences with age between autism and control samples, as
would be expected from delayed or impaired integration (Lee
et al. 2009).

Age-Related Changes in Interbemispberic Correlations
We report atypical age-related changes in interhemispheric
correlations in autism. Across the age range we studied, 8-42
years, control subjects showed decreasing interhemispheric
correlations, particularly in medial cortical regions. The autism
subjects showed much less change with age, and the relation-
ship was not statistically significant either in the younger (less
than 20 years) or older subgroups. The relative lack of
age-related changes in the autism group appeared to be driven
by abnormally decreased interhemispheric correlations in
a substantial subgroup of younger individuals and to a lesser
extent somewhat increased interhemispheric correlations
relative to controls in a small subgroup of older individuals. A
diffusion tensor study of the corpus callosum, the main
interhemispheric tract, found a similar pattern between 7 and
33 years of age: significant age-related changes in total corpus
callosum volume, fractional anisotropy, and radial diffusivity
present in typically developing controls were absent in the
autism group (Alexander et al. 2007). Although caution is
required when making inferences about developmental
processes from cross-sectional data (Kraemer et al. 2000), the
combined findings suggest a hypothesis that needs to be tested
with longitudinal data: that the developmental trajectory of
interhemispheric connectivity deviates from typical develop-
ment in a nonlinear manner from childhood into adulthood in
autism and is related to aberrant tensor scalar measures of
corpus callosum microstructure. Abnormalities of interhemi-
spheric connectivity in childhood and different abnormalities
in adulthood provide additional support to a growing body of
literature that suggests brain development during late as well as
early childhood and brain maturation during young adulthood
are abnormal in autism.

Our finding is particularly important in the developmental
context of maturing connectivity during late adolescence and
carly adulthood. The brain has been shown to undergo
segregation and integration across development (Varela et al.
2001; Fair et al. 2007; Supekar et al. 2009), where segregation
corresponds to specificity of neural function in local spatial
regions and integration represents development of relation-
ships between spatially disparate regions in the brain with
related function. For example, default mode regions are only
sparsely connected in childhood and strengthen with age
(Fair et al. 2008). In other networks, a similar pattern is seen
where correlated ensembles develop locally first, with distrib-
uted networks occurring in adolescence or early adulthood
(Fair et al. 2009). Using independent component analysis to
define networks, it has also been shown that distributed
networks show increasing efficiency and less mutual interde-
pendence with age (Stevens et al. 2009). These data suggest
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a neurodevelopmental mechanism of overconnectivity fol-
lowed by pruning or weakening of short-range functional
connections. Our data in typically developing controls are
consistent with these results in that connections near the
midline showed decreased interhemispheric correlation
with age.

A prior study evaluating corpus callosal microstructure
found increased fractional anisotropy with age in controls but
not in autism subjects. This is curious in that in the present
study mean gray matter interhemispheric correlation decreases
with age. To reconcile these findings, we note that the
decrease in correlation was driven by more medial voxels
such as the ones showing greatest association with age in
Figure 4. It is possible that in these voxels decreasing
correlation might represent the effects of integration, where
midline structures are increasingly connected to other distant
brain regions with age (such as default mode and attention
control networks) and that these strengthened connections
represent a greater proportion of the variance of the BOLD
signal, lowering the interhemispheric synchrony for midline
regions. Also possible is that interhemispheric correlation
measures features of connectivity not directly related to
colossal projections (particularly given the absence of direct
correlation between corpus callosal volume and interhemi-
spheric correlation that we found), such as shared input from
the thalamus or subcortical structures.

Corpus Callosum Volume and Interbemisphberic
Correlations

Compared with typically developing controls, our autism
sample had decreased mean total corpus callosum volume
and a decrease in the overall mean correlation of time series in
homologous interhemispheric gray matter voxels. These
findings are consistent with replicated findings of decreased
callosal size (Manes et al. 1999; Chung et al. 2004; Waiter et al.
2005; Vidal et al. 20006; Freitag et al. 2009; Keary et al. 2009) and
fractional anisotropy of white matter (Alexander et al. 2007;
Keller et al. 2007; Brito et al. 2009) in the corpus callosum. Size
decreases in the corpus callosum have been shown to be
correlated with neuropsychological abnormalities in a motor
task in autism (Keary et al. 2009), frontoparietal functional
underconnectivity (Just et al. 2007), and reduced gyral
window, consistent with minicolumnar findings in the cortex
in autism and a bias toward local relative to long-range
connectivity (Casanova et al. 2009).

Corpus callosum volume and interhemispheric resting-state
time series correlation of homologous voxels were not related
within individuals in our sample. The tendency toward smaller
corpus callosum volume and decreased interhemispheric
correlation might be biologically independent phenomena, at
least at the level of the total corpus callosum and overall mean
connectivity. This finding is in contrast to studies of functional
connectivity between intrahemispheric and interhemispheric
cortical areas during the performance of neuropsychological
tasks. These studies have found significant positive correlations
between size of the total corpus callosum or its subregions
and functional connectivity in autism samples but usually not
in controls. Based on the findings, it has been proposed
that corpus callosum volume or mid-sagittal area constrains
task-related functional connectivity.



Our findings suggest that corpus callosum volume, although
decreased in autism, is associated but not correlated with
decreased interhemispheric functional connectivity between
homologous gray matter voxels in the resting state. The
functional information we describe might characterize differ-
ent aspects of connectivity not present in volumetric data
alone. Volumetric and diffusion tensor measurements of white
matter only relay information on white matter axonal
architecture in the corpus callosum and not differences related
to synaptic efficiency or number that can affect functional
correlation. In addition, the interhemispheric correlations we
observed might not reflect transcallosal connectivity but rather
shared inputs from other sources. The mechanism for
correlation might be more complicated, possibly involving
corticostriatal, corticothalamic, or corticocerebellar pathways.
It is also possible that other commissural fibers such as the
fornix or anterior commissure contribute to interhemispheric
correlation. Correlation with diffusion imaging and other
metrics of white matter microstructure might help determine
the extent to which transcallosal connections drive the high
functional connectivity we observed in controls and the
differences we found in autism.

Alternative Explanations for Observed Decreased in
Interbemispberic Correlation in Autism

It is possible that the abnormalities we observed in interhemi-
spheric connectivity in autism arose from case-control differ-
ences other than a primary deficit in correlated spontaneous
neural activity in homologous gray matter voxels. The de-
creased correlations could be the secondary result of atypical
experience rather than a primary component of the neural
mechanism of autism. Case-control differences in cognitive and
behavioral characteristics might have confounded the results.
Yet, across multiple neuropsychological indices, correlation
abnormalities were more associated with diagnosis of autism
than other metrics. It is not yet known if the increased rates of
macrocephaly and megalencephaly in autism affect structural
and functional connectivity. In evolution, larger brains are
associated with increased cortical volume and folding, de-
creased corpus callosum size relative to total brain volume,
decreased interhemispheric connectivity, and increased intra-
hemispheric functional specialization (Casanova et al. 2009).
But enlarged brain volume appears to be mainly a phenomenon
of early childhood in autism, with mean brain volume not
differing significantly from typical in older individuals with the
disorder (Lainhart et al. 2005). The differences in interhemi-
spheric correlation of homologous voxels could result from
functionally different neurons in homologous voxels in cases
and controls. Intersubject and interhemispheric variability exist
in how cytoarchitectonic functional areas map onto MRI-
defined voxels (Scheperjans et al. 2008). If variability is
systematically increased in autism (Muller et al. 2003; Bailey
et al. 2005), and resting-state interhemispheric connectivity is
stronger between functionally related areas than between
structurally homologous areas, decreased correlation between
fMRI time series in homologous voxels could result from
differences in variability of structure-function maps between
groups. Even if this is the case in our samples, the findings would
still suggest that increased interhemispheric structure-function
variability is not uniform in autism but occurs in specific areas
relevant to core and associated features of the disorder.

Finally, resting-state examinations are difficult to control,
given the relatively unconstrained mental activity that occurs.
Interindividual variations in mental state during rest, particu-
larly systematic differences related to autism in how the
“resting” task is performed, might contribute to our results
rather than underlying structural connectivity differences.
Because performing an explicit task might reduce interindi-
vidual variation in mental state, methods such as using the
correlation of residual fluctuations when the effects of task-
related activation are removed might provide complementary,
albeit still indirect, information about correlated spontaneous
neural activity (Jones et al. 2010).

Limitations

Limiting the autism sample to high-functioning males reduces
complex heterogeneity prevalent in autism and increases
statistical power but does not allow us to determine if the
findings extend to females, younger children, and lower
functioning individuals with autism. The cross-sectional design
limits conclusion about developmental changes but generates
hypotheses for longitudinal studies. Measuring interhemi-
spheric correlations at the homologous voxel level results
in a huge number of comparisons but allows an anatomically
finer grain analysis of case-control differences than permitted
by studies that use parcellated cortical areas as ROIs. It is
reassuring that both techniques identified similar areas of
significant differences between the autism and control
samples. The samples we used are limited by the relatively
broad age range included. It appears that most of the changes
seen with age occur during childhood and adolescence, with
relatively few changes after age 20. A more focused study with
respect to age might help clarify the timing of changes in
interhemispheric correlation. Corpus callosal volumes were
calculated with FreeSurfer, which has limited validation on
children and adolescent populations included in the present
study. Finally, we note that differences seen between autism
and control samples are greater for more lateral brain regions
but acknowledge that distance from midline is a crude
measurement of path length. Future studies might clarify
whether this relationship represents medial/lateral axis differ-
ences or path length by examining specific connections using
probabilistic tractography or other multimodal methods to
estimate path length between regions.

Conclusions

The neuroimaging manifestations of autism are widespread
with many brain regions implicated. We found decreased
interhemispheric correlations between homologous voxels in
some but not all regions of the brain in our autism sample
relative to controls. Our finding adds to growing evidence
that abnormalities of interhemispheric connectivity in autism
are widespread but regionally specific and related to cognitive
and neurological impairments commonly found in the disorder.
Abnormalities in interhemispheric connectivity might be
due to a common neural mechanism underlying seemingly
disparate aspects of the autism phenotype. Our findings
might also be part of a more widespread albeit selective
disturbance of spontaneous neuronal activity in autism (Jones
et al. 2010).

Interhemispheric connectivity might represent a useful
screening method for evaluating neurological disorders where
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neural connectivity is implicated in the pathophysiology.
Robust interhemispheric connectivity comprises one of the
dominant modes of functional connectivity (Stark et al. 2008)
and might allow for a simple screening technique for regional
differences in connectivity in pathophysiological states. If
a different distribution of interhemispheric connectivity
abnormalities is seen in other disorders, this would increase
confidence that results in this study are not an iceberg effect of
generalized connectivity reduction but pathway-specific ab-
normalities related to neurodevelopmental integration of
function in distributed networks.
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